Three-dimensional soft structures are difficult to fabricate without any supporting materials in additive manufacturing due to their extremely low stiffness against gravity.
Additive manufacturing (AM) technologies have been advanced in the past decade to be capable of fabricating a wide variety of materials into the 3D configuration, such as plaster powders, thermal plastics, photopolymers, to metal alloys. Recent advancements have also enabled gradient materials by mixing different ratios of polymer resin which can achieve the various hardness. Applications have also been broadened from simply display, toys, to functional uses. However, additive manufacturing cannot completely replace the conventional techniques due to the requirements of surface finish, tolerances, or the constraint from the material property itself. One of challenging issue is printing ultra-soft, jelly like materials, particularly those can hardly support their body weights, such as silicone and gellan gum [1] . Soft material is useful for biomedical applications such as making synthetic tissues, encapsulation of drugs or sensors, soft surgical robotics, developing and training for surgical methods, producing replicas with each patient's data or medical treatment in the human body [2] , [3] , [4] , [5] , [6] .
The common conventional technique for soft matters is a molding process due to relatively simple and economical process. However, it cannot create enclosed cavities in the structure as a one-piece structure, such as vessel lumen, brain ventricles, and heart ventricles/atriums shown in Fig. 1 . Therefore, additive manufacturing process can be utilized to overcome the limitation in soft material manufacturing, and then achieve more accurate and user-based designs. However, depending on the solidification method, printing such soft materials could require a substantial amount of support structure to ２ ensure the part integrity as shown in Fig.2 . Using support structures is common in 3D printing, but it requires a post processing to remove the support material. Some, or all, of the post-processing procedures are not suitable for soft and fragile materials. For example, fused deposition modeling (FDM) employs a soluble support material to build the overhang structures. The support structure will be dissolved in an agitated base solution. In stereolithography (SLA), the support structure is printed simultaneously with the part in the liquid resin and trimmed manually after printing. Commercial UV-based products, such as Connex machines (Stratasys, Edina, MN), use water-soluble wax as the support material and needs to be cleaned with high-pressure water blasting system.
Figure 1. Enclosed cavities, ventricles/atrium, in the brain (left) and heart (right).
Furthermore, fully removing the support structure inside the deep cavity, internal void, or channels are technically difficult and time-consuming. To address these issues, this study is presenting a novel, support-free, soft material fabrication method in additive manufacturing. 
Support-free fabrication
The key concept of the support-free fabrication is to create a hydrostatic condition for the solidified material and to eliminate the conventional layer-by-layer manner as shown in Fig.3 . The hydrostatic condition enables for the structures to maintain their positions and shapes without any support structures. This is a similar approach to powder-bed printing technologies such as selective laser sintering (SLS). SLS generally does not build any support structure since the part is immersed in the powder bed and directly sintered with the supports from surrounding loose powders as shown in Fig.4 .
The non-layering technique is inspired from the 3D stereo drawing pen [8] , so that the overhang structure can be fabricated as a continuous piece at a time as shown in Fig part is not completely immersed in the middle of the bath as shown in Fig.6 [11], [12] .
Second, both technologies require continuous movement of the printing base to form a 3D geometry. The movement can cause that the liquid resin disturbs a soft body to stay in the shape. Lastly, the cured portion may have a significantly different (heavier) density that can only be partially supported the uncured resin. To achieve the hydrostatic condition during the process, UV light must cure the part from the middle of the liquid bath. However, a single wavelength UV light (i.e., onephoton polymerization (OPP)) results in curing along the entire beam path as shown in Fig.7 . Therefore, two-photon polymerization (TPP) could be one of the alternatives. TPP is a non-linear process to realize the curing process only at the focal point as shown in Fig.7 [16] , [17] . However, this technique requires complex configurations and high-cost optical devices such as ultrashort pulsed lasers. All of these make TPP less practical in the additive manufacturing market. Instead, a similar TPP can be achieved using low one-photon polymerization (LOPP).
Low one-photon polymerization effect is proposed in [18] , which utilizes low absorption rates of photoresists and wide beam gradient with high numerical aperture (N.A.). The photoresists have specific absorption rates depending on wavelengths. In ７ general, one-photon polymerization process utilizes the wavelengths that the photoresists have high absorption rates. In contrast, low one-photon polymerization uses the wavelengths that the photoresists have relatively very low absorption rates [19] . Using the low absorption rates of the photoresists prevents the polymerization along with the beam path, thus to realize the focal curing effect of TPP. However, a successful LOPP requires precise controls over the wavelength, intensity, exposure time, and known polymerization properties.
Objective
The objective of this study is to investigate the feasibility of low one-photon polymerization to realize a hydrostatic 3D printing of silicone material. To address this point, the optical features of the silicone material was studied and a test bed with the optical array was developed. The preliminary study was conducted to verify the parameters such as wavelengths, intensities and exposure times. Based on the study, stationary single-spot testing and continuous printing will be carried out.
８
TESTBED DEVELOPMENT
In this section, testbed development to achieve LOPP and hydrostatic condition will be presented. It is important to design a proper optical setup according to material selection. Especially, the absorbance of the material plays a key role to decide the specification of the setup for LOPP.
UV curable silicone
To verify the concept and feasibility of a hydrostatic 3D printing, this study used a non-commercialized UV curable silicone material from Dow Corning (Midland, MI).
The UV curable silicone resin was made by mixing two parts as shown in Fig.8 . One was the silicon resin, and the other was the photo-initiator. The initiator is activated by a certain range of UV wavelength. The initiator plays a major role in the polymerization.
The absorption spectrum of the photo-imitator was measured by using a spectrophotometer (U-4100, Hitachi, Tokyo, Japan) and presented in Fig. 9 . The sample was diluted to 10.5 %wt. by the solvent. The optical path length was 1 cm. The measured range of wavelengths was between 300 nm and 500 nm. The absorption began around 400 nm wavelength down to 300 nm and below. The wavelength of 365 nm was selected in this study because it had a low absorption value 0.051, but not extremely low,
and was a common band pass filter that can be easily obtained. A longer wavelength toward 400 nm can lead to lower absorption but also could require a significant amount of time to cure the silicone or could not initiate the curing process due to insufficient energy absorption.
９
To realize the hydrostatic support-free fabrication, the silicone resin must have a minimum difference in density before and after polymerization (i.e., cured and uncured silicone). This is because a large difference can cause the motion of the cured part as a result of gravity against buoyancy force. The physical properties were not disclosed by the silicone supplier, but the measured densities of liquid and solid phases were found both around 0.97 g/ml. The other important physical property is viscosity. A viscous liquid material provides resistance against the motion inside the liquid. Along with the similar density, high viscosity can further improve the stability of the cured part. 
Testbed development
The overall experimental setup is shown in Fig. 10 . The setup consists of a UV lamp system (OmniCure S2000, Excelitas Technologies Corp., Waltham, MA), the optical lens array, and the 3-axis reconfigurable motion stage (Moog Animatics, Milpitas, CA).
The whole setup is covered by amber plates to block the UV wavelength from the environment. The lamp system has a wide beam spectrum from 250 nm to 650 nm. A bandpass filter can be added to provide a sole wavelength of 365 nm from the lamp system. The lens array is composed of the aspheric lenses (Edmund Optics Inc., Barrington, NJ), the bandpass filter (Edmund Optics Inc., Barrington, NJ), and iris diaphragms (Edmund Optics Inc., Barrington, NJ) as shown in Fig. 11 . The aspheric lenses are used for １１ collimating and focusing the beam with the magnification 1/5 that produces the focal spot with 1 mm diameter. In addition, to realize wide beam gradient, the aspheric lens with the numerical aperture (N.A) = 1 is used as the focusing lens. The iris diaphragms are used to align the beam. The beam intensity is controlled by the electrical shutter of the lamp system that changes the iris opening from 1 % to 100 %. Note that the actual output light intensity is not linearly proportional to the iris opening. For example, 70%
opening does not necessarily mean a 70% intensity of the fully opened iris. Therefore, the actual energy dose (intensity multiplies exposure time) needs to be calibrated with the irradiance values measured by a radiometer. Using the dual light guide, the beam from the system can be connected simultaneously with the lens array and the radiometer (R2000, Excelitas Technologies Corp., Waltham, MA). 
１２
A wide beam gradient is one important factor to realize LOPP. However, lenses with high numerical aperture (NA) have a short focal length. In this testbed, the focusing lens has the back focal length (BFL) of 6.9 mm 
Experiment II: single-spot test for LOPP

Method
This experiment was designed to measure the LOPP effect quantitatively without the unclear boundary between OPP and LOPP that observed in the preliminary experiment.
１７
With the consideration of BFL = 6.9 mm of the focusing lens in the optical setup, a shallower acrylic container (4.9 mm in depth) was used in different from the container in the preliminary experiment as shown in Fig. 16 . array in an each container as shown in Fig. 18 . The testing sequence started from left to right in the container, and then moved to the next row. Each point was 5 mm apart from １８ the other point. The complete samples are shown in Fig. 19 . The pillar dimensions were measured at the end of the experiment using high-resolution images from top and side followed by measuring the pixel length. 
Results
The results with 100% opening power are shown in Fig. 20 In addition to the pillar height, the diameter was also measured to observe the correlation with the exposure time. Note the pillar was not really in a perfect cylindrical shape, so the diameter was measured in an average sense. Fig. 21 shows a minimum ２０ diameter of 0.5 mm at the exposure time 55 s, corresponding to the shorter pillar of 2.6 mm. From 60 s and onwards, the pillar diameter increased to about 1.2 mm; the maximum was 1.5 mm at the 80 s. It can be seen that once the pillar is formed, the dimensions do not change significantly with the exposure time. 
２２
The average of the diameter was 1.7 mm, about 40% larger than those in the 100% opening power case. The low pillar height at 160 s could be due to an incomplete polymerization as a result of the unstable light source or locally lack of photo-initiators.
Discussion
LOPP can successfully cure the material in the middle of the silicone resin but the cured volume and shape are largely dependent on the UV light setup. Traditionally, the cured polymer volume is proportional to the total energy absorption (i.e., dose) under a uniform exposure. Following this hypothesis, Fig. 24 shows the calculation for the cured volume as a function of UV dose from the experimental results. The values of dose were calculated with actual irradiances measured by the radiometer and exposure times. The irradiance values were 381 mW/cm 2 for the 100% opening power and 272 mW/cm 2 for the 70% opening power. The cured volumes were estimated from the pillar height and diameter in the Results section. Interestingly, with 100% opening power, a lower dose is required to achieve the same cured volume as that needed for 70% opening power. This is because of a larger effective beam zone in 100% opening power than the 70% cases. This is also an evidence of the LOPP effect in the 70% opening power.
The cured geometries are quite different between two cases, in spite of a similar cured volume. The pillar is tall and thin in the case of 100 % opening power, and short and wide in the case of 70% opening power. This is a result of beam gradient that promotes polymerization in different directions. Fig. 25 (a) . As a result, the pillar tends to grow through the entire resin depth. In contrast, 70% opening power has a smaller (shorter) effective beam zone because of lower intensity, as shown in Fig. 25 (b) . Thus, polymerization occurs only within a limited height.
２３
As to the diameter difference, 70% opening power seems to cause more radial growth than that of the 100% opening power. This may be caused by material diffusions or beam transformation by cured parts. To understand the growth mechanism, more Fig. 23 is an evidence of this phenomenon. Although the traverse growth is not observed in 100% power opening, it is believed that the pillar will eventually grow as the exposure time increases. The last measurement point at 80 s of Fig. 21 shows an increasing trend of the pillar diameter.
Conclusion
In this part, the qualitative observation and quantitative measurement were conducted to verify LOPP effect. relatively lower intensity than 100% opening power, LOPP was found with the entire exposure times. This means that controlling intensity with the specific wavelength is more practical to manage the exposure times to obtain more stable LOPP effect.
The maximum heights of pillars was 3.3 mm less than the depth of the container 4.9 mm. The shape of the pillars was different from the one of 100% opening power due to smaller effective beam zone that resulted in the limited heights.
Based on the qualitative observation and quantitative measurement, the printing with LOPP was designed and conducted. The details are presented in the next section.
FEASIBILITY STUDY OF PRINTING WITH LOPP
In this section, printing test with LOPP will be discussed. To verify the feasibility of the LOPP effect in printing process, the method and parameters were selected and conducted based on the results from the previous single-spot experiments. The printed samples were measured and analyzed by a surface profiler.
Parameter determination
A continuous printing was conducted to verify the LOPP effect in dynamic conditions. The process parameters for the printing were based on the results from the single-spot testing. However, the materials from the second batch were used in the continuous printing. Using the second batch could influence polymerization trends because they were non-commercial products. Therefore, the trends could be different from one of the previous experiment with the first material batch. To verify the trends of the second batch, the single-spot testing was carried out with the same method of the previous one.
In the single-spot testing, two levels of light intensity, 100% and 30% were used.
The exposure time for 100% intensity was 30 to 180 s at 10 s increment and for 30%
intensity was 90 to 127.5 s at 2.5 s increment. Each set of 16 testing points were made in a 4 by 4 array in an individual container as shown in Fig. 26 . The testing sequence started from left to right in the container, and then moved to the next row. The pillars by LOPP were identified based on the height less than the resin depth, as same as the previous test.
Figure 26. Results of the tests: (a) single-spot test at 100% intensity with only OPP pillars, (b) singlespot test at 30% intensity with both LOPP and OPP pillars.
The results with 100% opening power are shown in Fig. 26 (a) . There was no cured pillar until the exposure time 50 s. From the exposure time beyond 60 s, full-length pillars were formed through the resin depth, meaning an OPP effect. LOPP effect was not found. As the exposure time increases, the diameter of pillars rapidly increases.
The results of 30% opening power are shown in Fig. 26 (b 
Discussion
The single-spot test with 30% opening power showed short pillars made by LOPP.
Even for full-height pillars, the shape was conical, not cylindrical from OPP. This is because the great beam gradient created different energy distribution between 30% and 100% opening power. It means that 30% opening power in the 365 nm wavelength can initiate LOPP, OPP or both OPP and LOPP depending on the exposure time. Therefore, longer wavelengths than the 365 nm wavelength could achieve only LOPP less depending on the exposure time as shown in Fig. 28 . In the printing test, the feed rate should be faster than the converted rate from the single-spot test. This is because the each beam exposure was overlapped in the printing motions as shown in Fig. 29 (a) . With the increase by 71%, some partial areas of the volumetric line were made by LOPP effect. With the increase by 140%, the whole area were made by LOPP effect. This means that the increase by 71% is marginal for LOPP ３０ effect. Therefore, further study between 71% and 140% or above could be conducted to understand the overlapped exposures. To estimate the overlapped exposure, the effective beam zone at the focal point, so called voxel, should be studied as shown in Fig. 29 (b) .
The voxel has a non-uniform distribution depending on wavelength, intensity, exposure time and optical setup. The voxel size can influence on process resolution. In addition, the voxel shape can impact on part integrity deteriorated by structural defects such as voids and overcuring as shown in Fig. 29 (a) . 
Conclusion
The printing test was conducted and analyzed to prove the feasibility of the LOPP in the process. Single-spot test was repeated to confirm the polymerization trend because the materials were used from the different batch. In the test, 30% opening power in the 365 nm wavelength could initiate LOPP, OPP or both OPP and LOPP depending on the exposure time. It indicates longer wavelengths than the 365 nm wavelength could achieve only LOPP less depending on the exposure time.
３１
For the printing test, the proper exposure time from the single-spot test was chosen and converted to feed rate. From the experimental results, the equivalent factor between the single-spot test and the printing test was 240% scale factor due to overlapped beam exposure in the printing. To understand the beam exposure, voxel formation should be studied because the size and the shape of the voxel plays key roles in process resolution and part integrity.
３２
CONCLUSIONS AND FUTURE WORKS
In this section, major conclusions will be presented and future works will be discussed based on the conclusions.
Conclusions
In this paper, hydrostatic 3D-Printing (H3P) was proposed and demonstrated to overcome the low shape stability issue of soft materials in additive manufacturing. The key of the concept is in-liquid polymerization to secure the hydrostatic condition during the fabrication process. Low one-photon polymerization (LOPP) was utilized for inliquid polymerization. There are two requirements to achieve LOPP. The first one is to use the wavelength with a low absorbance rate by the materials. 365 nm wavelength was used with 0.051 absorbance rate by the material in the study. The second one is to create a great beam gradient for maximizing the low absorbance rate. It can be realized by a lens with a high numerical aperture (N.A.). However, a high N.A. results in a short focal length of the lens as a trade-off. The final lens with N.A. = 1 and focal length 6.9 mm was used in the study.
With the test bed, the feasibility studies for LOPP in H3P were conducted with the qualitative observation and quantitative experiments. OPP and LOPP effects were successfully observed depending on different intensities and exposure times. The intensity must be low enough to produce LOPP structures inside of the resin regardless the exposure time. This means that controlling intensity with the specific wavelength is more practical to manage the exposure times to obtain more stable LOPP effect.
３３
Therefore, the parameter selection should follow the priorities of wavelength, light intensity, and then exposure time.
In printing test, the feed rate based on the stationary test should be scaled up to create the structures by LOPP effect. Because the non-uniform beam distribution causes the overlapped beam exposure. To predict the beam exposure, voxel formation should be studied. The size and the shape of the voxel plays key roles in process resolution and part integrity. The current resolution is about 2 mm. A better resolution might be achieved with longer wavelengths and more precise optics. The details will be discussed in the future works.
Future works
Low one-photon polymerization can successfully achieve in-liquid polymerization for hydrostatic 3-D printing. However, furthermore studies should be conducted to complete the precise and stable 3D printing process. First of all, a longer wavelength than 365 nm with a lower absorbance rate could be tested to improve the LOPP effect.
Depending on the absorbance rate, the process stability and resolution could be enhanced.
In addition, voxel formation should be studied to understand the non-linear beam distribution. The size and the shape of the voxel plays key roles in process resolution and part integrity. An experiment and a simulation for the voxel formation will be conducted as one of the future works. To be specific, to simulate the voxel formation, the effective light intensity distribution and the curing threshold must be studied. The intensity distribution describes where the polymerization takes place at what rate; the curing ３４ threshold defines the time to fully cure a unit volume. Therefore the voxel formation can be modeled with two information.
The effective light intensity distribution should consist of two models. The first model is called exposure model and the second one is absorption model. As shown in Fig. 30(a) , the exposure model determines the effective exposure along the beam path. Assuming a graded beam with high NA after the objective lens, the intensity should reach the maximum at the focal point along the axial direction and then decades. In the radial direction at any cross-section, the light should follow a Gaussian distribution. This phenomenon is called Airy disk [21] . Since the light intensity distribution is non-uniform within the light beam, it is typically described by the 3D point spread function PSF(x, y, z), where x, y, and z identify a given point inside the light beam [22] . Polymerization requires to break the bond of photo initiators, and thus it needs certain intensity at a given wavelength. By knowing the intensity threshold (TH), the effective exposure region can be mapped as E(x, y, z). Then, the effective light intensity distribution can be calculated by the convolution between PSF and E, denoted by I(x, y, z) . Only the nonzero point can initiate the polymerization. However, in reality, the light intensity distribution is not symmetric in the axial direction because part of the incident light is absorbed by the photo initiators. Therefore, an absorption model will be added. The
Beer-Lambert law is adopted for the absorption model which describes the attenuation of light as it propagates through the material [23] . The entire light beam can be meshed with identical small cubes of volume V, as shown in Fig. 31 . The time to cure the entire area can be described with the dosage to fully cure this volume under a given wavelength. Then voxel formation, including nucleation and growth can be simulated. 
３６
Lastly, the hydrostatic condition was not thoroughly discussed in this study due to the difficulty observing the transparent structure inside the liquid. In general, the ideal polymer for hydrostatic printing should have a nearly identical density before and after curing to achieve zero gravity environment, and a high viscosity to minimize the motion as a result of density change.
Figure. 32 An example of motions by density difference inside the liquid over time
If the concept of H3P is successful, the soft material fabrication could be realized without physical support structures or less. However, if there is a density difference before and after curing, the cured part could move both rationally and translationally during the process as shown in Fig. 32 . Therefore, the parameters for hydrostatic condition should be investigated. Experimental and numerical methods will be conducted. Firstly, the model with smoothed-particle hydrodynamic (SPH) and finite element method (FEM) will be used as shown in Fig. 33 . 
３７
The results from the simulation will be compared with the ones from the experiments.
In addition, the part motion and the associated dimensional errors in the final part will be studied.
In conclusion, with the future works, hydrostatic 3-D printing process will be thoroughly understood and precisely estimated to achieve stable printing quality and high resolution.
